Aedes aegypti L. is one of the primary disease vectors spreading various dreadful diseases throughout the world, specifically over tropics and subtropics. Keeping in view the adverse effects of chemical insecticides-based intervention measures, the eco-friendly and bio-degradable essential oil extracted from the seeds of celery, Apium graveolens were investigated for its efficacy against Ae. aegypti. Larvicidal bioassay carried out with the seed oil against early fourth instars of Ae. aegypti caused an LC 50 and LC 90 values of 16.10 and 29.08 ppm, respectively, after an exposure to 24 h. The cidal effect of the celery seed oil augmented by 1.2-fold; after an exposure to 48 h; revealing an LC 50 value of 13.22 ppm. Interestingly, the seed oil did not cause immediate larval mortality, suggesting a delayed toxicity against the larval stage. Present investigations also revealed remarkable effective repellency of the oil leading to 100% protection till 165 min as compared to control that did not result in any repellency against adult Ae. aegypti. Interestingly, only one bite was recorded in the 165th-min after which only two bites were scored until 180 min of exposure of the adult mosquitoes to the oil. An exciting observation was that the knocked-down effect in adults exposed to 10% oil-impregnated papers. The contact irritancy assays with paper impregnated with 1% celery seed oil caused first flight only after 4 s resulting in an average of 63.66 flights during 15 min of exposure revealing the relative irritability of 26.97. The qualitative phytochemical analysis of the seed oil showed the presence of flavonoids, lactones, and terpenoids as the major constituents suggesting their probable role in the toxicity. Our results confirmed that celery seed essential oil can be used as an efficient larvicide and repellent against Ae. aegypti. The identification of the bioactive components, their mode of action, and studying effects on non-target organisms and the environment would help in devising mosquito-management strategies.
INTRODUCTION
Aedes aegypti is considered as one of the major disease vectors that spread several dreadful diseases such as dengue fever, Chikungunya, and yellow fever worldwide specifically tropical and subtropical countries. In India, dengue fever is gradually becoming the most important public health problem. Every year, the number of reported dengue cases is rising. In 2013, a total of 75,454 dengue cases were reported in India, which led to 167 deaths (1) . Earlier, in 2002, Pancharoen et al. (2) have reported the rising incidences of more severe forms of dengue, i.e., dengue hemorrhagic fever and dengue shock syndrome with unusual manifestations such as central nervous system involvement. The reports of World Health Organization (3) also reveal that about 40% of the world's population is at risk of dengue. It has been suggested that the major approach to control mosquito-borne diseases should include either targeting the mosquito larvae at breeding sites or by killing/repelling the adult mosquitoes (4) .
Till today, chemical insecticides have been used on a large scale to control mosquitoes at both larval and adult stage. However, the adverse effects posed by these synthetic insecticides such as non-degradability, environmental pollution, toxicity to nontarget population, and the developing resistance in mosquitoes have increased during the last five decades. These adversities have insisted on the need of formulating alternate mosquito control strategies. Botanicals have always attracted researchers as an environment-friendly, safe, and low-cost alternative to chemical insecticides (5) . Several reports are available, which confirm the larvicidal and repellent efficacy of plant extracts or essential oils against different species of mosquitoes without posing toxicity hazards to humans (6) (7) (8) (9) (10) .
Essential oils, the natural volatile substances obtained from various plants, have been exploited commercially in pharmaceuticals, as flavoring agents in foods, for aroma in fragrant products, and as insecticides. The essential oils have been primarily investigated for their antibacterial, antifungal, and insecticidal activities (11) (12) (13) . However, they have received great attention as probable bioactive insecticides displaying a wide-spectrum activity, low mammalian toxicity, and rapid bio-degradability.
Apium graveolens, commonly called celery, is an aromatic herb. The essential oil, extracted from celery fresh dried seeds through www.frontiersin.org steam distillation, is used in several products of medical importance. Reports are available on the potential use of celery leaf stalks and seeds as popular aromatic herbs and spices (14, 15) . Researchers have confirmed that certain bioactive components isolated from the crude alcoholic and hexane extracts of Apium graveolens seeds possess nematocidal activity against Caenorhabditis elegans and Panagrellus redivivus, antifungal activity against Candida albicans, C. kruseii, and C. parapsilosis, bactericidal activity against Helicobacter pylori, and mosquiticidal effects against Ae. aegypti fourth instars (16) . However, much literature is not available on the larvicidal and repellent activities of the essential oil derived from the Apium seeds against Ae. aegypti. Hence, the present investigations were carried out to assess the larvicidal and the repellent potential of the celery seed essential oil against an Indian strain of Ae. aegypti. The present study may provide useful information on the bioactive component from native plant source, which could help in the development of new mosquito control agent.
MATERIALS AND METHODS

REARING OF AE. AEGYPTI
The present investigations were carried out on the dengue fever mosquito, Ae. aegypti, which were collected from ponds located in Delhi, India, and surroundings. The colony of mosquito was maintained in an insectary under controlled conditions of 28 ± 1°C, 80 ± 5% RH, and 14:10 L/D photoperiod (17) . Adults were kept in cloth cages and provided with freshly soaked deseeded raisins as food. A wet cotton swab was kept on the top of cage to provide water. Blood meals at regular intervals were provided to female adults for maturation of egg follicles by keeping restrained albino rats in the cages. An enamel bowl lined with Whatman filter paper was kept in the cage for egg laying. The collected eggs were allowed to hatch in trays filled with de-chlorinated tap water. Freshly hatched larvae were fed upon a 1:3 ratio mixture of yeast powder and grinded dog biscuits. The water was changed every day to prevent the formation of any scum, and larvae were provided with fresh food. The pupae formed were collected in bowls and kept in the cages for adult emergence.
LARVICIDAL BIOASSAY
The larvicidal bioassay was performed on the early fourth instars of Ae. aegypti following the WHO protocol with slight modifications (17) . The 99.9% pure essential oil, extracted from seeds of A. graveolens, was obtained from M/s Auroville, Puducherry, India. Ethanol was used as the solvent to prepare the graded series of celery seed oil for bioassays. Bioassay was carried out on 20 early fourth instars of Ae. aegypti; taken in plastic bowls containing 99 mL of distilled water; which were then transferred to a glass jar containing 100 mL of distilled water and 1 mL of the particular concentration of oil. Each dilution had four replicates for statistical significance. Control bioassays were performed replacing the oil-ethanol solution with ethanol alone.
During the bioassays, the larvae were not provided with any food. The larval mortality was determined by observing the movement of the larvae after 24 h of treatment by touching them gently with the help of a glass rod. The larvae without any sign of movements were considered dead, while those, which moved a little but did not show any kind of swimming movement were considered moribund. The moribund larvae unable to revive were considered dead. The experimental set up was kept undisturbed for next 24 h and mortality counts were recorded again to evaluate the delayed toxicity of the essential oil.
STATISTICAL ANALYSIS OF DATA
The larvicidal bioassays with more than 20% mortality in control tests and more than 20% pupae formed were discarded and carried out again. The control mortality ranging between 5 and 20% was corrected using Abbott's formula (18) .
where, CM is the corrected mortality, T is the % mortality observed in experimental tests, and C is the % mortality in control tests. The larvicidal data were subjected to probit regression analysis based on generalized linear model using computerized SPSS 18.0 Program. The regression analysis models the normal distribution of the relationship between response (% mortality) and dose (concentration) as a linear model via a link function by the transformation of % mortality in probit values. The LC 50 and LC 90 values with 95% fiducial limit were calculated in each bioassay to measure the difference between the test samples. Other statistical parameters, such as regression coefficient and standard error were also calculated. The fitted model is assessed by statistics for heterogeneity, which follow a chi-square distribution.
BEHAVIORAL STUDIES IN OIL-TREATED AE. AEGYPTI LARVAE
During each larvicidal bioassay, the larvae were monitored carefully for behavioral modifications, if any, caused by extractmediated disruption of biological functions. The behavioral observations included wriggling speed, horizontal movements, vertical movements, aggregation behavior, and knockdown of the larvae during treatment. The larval behavior was recorded and photographed with Canon Power Shot SX50HS. Similar observations were made in controls for comparison with treated larvae.
ADULT REPELLENCY BIOASSAY
The repellent potential of the celery seed oil was evaluated against adult Ae. aegypti using human-bait technique. Five human volunteers, non-allergic to mosquito bites, were invited from different institutes and a consent letter regarding the experiment was taken from each of them. The letters were deposited in the institute for reference, if needed. Starved and 3-10 days old females of Ae. aegypti were released in groups of 25 into separate laboratory cages (45 cm × 45 cm × 40 cm) for the investigations. During repellency bioassays, the arms of the human volunteers were thoroughly cleaned, washed with neutral soap without any fragrance, thoroughly rinsed with distilled water, and allowed to dry for 10 min before the application of extracts. A square of 5 cm × 5 cm size was marked on each forearm of human volunteers using a permanent marker. One forearm of all the volunteers was used for repellency bioassay and approximately 0.1 mL of the essential seed oil of A. graveolens was applied to the marked area. The other forearm of each volunteer was considered control and the marked area was applied with ethanol. The rest of the area of each forearm was covered by a paper sleeve thus leaving only the marked area open. Both the control and treated arms were introduced simultaneously into the cage. Any attempt of inserting the stylets by a female mosquito was considered a bite. The numbers of bites occurred in 3 min were scored every 15 min, for 3 h; from 11:00 to 14:00 hours. Protection time was recorded as the time elapsed between the application of essential oil and the time of a confirmed bite. The tests, with none of the adult Ae. aegypti landing on the control arm or attempting to bite, were discarded. These tests were carried out again with a fresh batch of adults to ensure that failure to bite was due to repellence potential of oil and not because of the mosquitoes being pre-disposed to get a blood meal. Three replicates of each experiment were carried out. Each replicate was conducted in separate cages and with different volunteers to negate the effect of skin variability on repellency, if any.
The percent protection from the mosquito bite provided by the oil was calculated by using the following formula: % Protection = Number of bites on the control arm − Number of bites on the treated arm Number of bites on the control arm × 100
CONTACT IRRITANCY ASSAY
The contact irritancy assay was performed on 3-day-old nonblood females of Ae. aegypti. The oil-impregnated papers were prepared with Whatman filter paper no. 1, which were cut out in circles of 8 cm diameter. The papers were impregnated with 10 and 1% of celery seed essential oil and then allowed to shade-dry. The completely dried paper was placed on a glass plate, and a perspex funnel with a hole on the top was kept inverted over the impregnated paper. Single female adult was released in the funnel and per-conditioned for 3 min. Thereafter, the time at which first flight was taken was recorded. The experiment was continued for 15 min and the total number of flights undertaken by each female adult was scored. Three replicates were carried out for each treatment. Parallel control tests were performed with papers impregnated with acetone. The relative irritability caused by the seed oil was calculated with respect to control by the following formula:
RI Relative Irritability = Mean number of take-offs stimulated by the oil Mean number of take-offs stimulated by control
PHYTOCHEMICAL ANALYSIS
The essential oil extracted from A. graveolens seeds was analyzed for the presence of phytochemical components using standard procedures as illustrated by Harborne (19) . The qualitative biochemical assays were performed to identify the presence of secondary metabolites; alkaloids, carbohydrates, flavonoids, phenolic compounds, phlobatannins, saponins, tannins, and terpenoids.
RESULTS
The potential of essential oil extracted from the seeds of celery plant, A. graveolens was evaluated as larvicidal and repellent agent against dengue vector, Ae. aegypti. The investigations validated the significant potential of essential oil as the probable agent for the control and management of rising Ae. aegypti population.
LARVICIDAL BIOASSAY
The 24 h exposure of early fourth instars of Ae. aegypti to the essential seed oil of A. graveolens resulted in quite low LC 50 and LC 90 values of 16.10 and 29.08 ppm, respectively ( Table 1) . The toxicity potential of the oil increased by 1.2-fold (LC 50 = 13.22 ppm) on exposure of the larvae to the oil for another 24 h. The bioassay did not cause the formation of pupa or larval-pupal intermediates resulting in complete mortality of the larvae. The control treatments did not cause any mortality till 48 h ( Table 1) .
BEHAVIORAL STUDIES IN OIL-TREATED AE. AEGYPTI LARVAE
The larvae were scrutinized carefully during the treatment period for any behavioral modifications. The observations revealed that A. graveolens oil did not cause immediate or quick mortality. Initial exposure of the larvae to the essential oil did not affect the larvae and all larvae were found moving normally and exhibited a typical appearance. The restlessness in the larval behavior was noticed after 10 min of treatment. The principal lethal effects of the seed oil were observed after approximately 20-25 min of treatment in the form of incapability of rising to the water surface, body tremors, and convulsions. The symptoms of paralysis were clearly visible in 20% of the larvae after an hour leading to death of these larvae. Continued exposure of the larvae to oil caused mortality in approximately 50% larvae after 5-6 h, and the death of most of the larvae was observed within 10 h.
ADULT REPELLENCY BIOASSAY
Investigations conducted on the repellency potential of celery seed oil against adults Ae. aegypti revealed it as a promising and notable repellent. The oil resulted in 100% protection against bites by female Ae. aegypti in the first 150 min as compared to the ethanol that did not cause any repellency against mosquito bites ( Table 2) . When the experiment was continued for next 15 min, only one bite was recorded as compared to the nine bites scored on the control arm. It clearly reveals the reduced protection from 100 to 88.8% in the 165th-min. The percent protection to adult Aedes further decreased to 77% with two bites recorded after 180 min of exposure to the oil ( Table 2) . It is significant to note that direct application of the A. graveolens oil did not induce any dermal irritation during the experiment as well as afterward. 
CONTACT IRRITANCY ASSAY
A significant elicit response was observed in the adults of Ae. aegypti when subjected to contact irritancy assays. The exposure to 10% oil led to complete knockdown of adults when released for acclimatization in the funnel for 3 min. Conversely, exposure to 1% seed oil caused first flight of the female adult after a mean time of 4 s ( Table 3 ). The average total of 63.66 take-offs were observed after 15 min of exposure to 1% oil as compared to only 2.36 flights when exposed to ethanol-impregnated paper resulting in the relative irritability of 26.97.
PHYTOCHEMICAL ANALYSIS
The qualitative biochemical analysis for the secondary metabolites present in the essential oil of A. graveolens seeds revealed the presence of terpenoids, lactones, and flavonoids as the main constituents. Other tested components were not detected in the essential seed oil of A. graveolens ( Table 4) .
DISCUSSION
Mosquito-borne diseases are increasing each year in tropical and sub-tropical countries. Since many decades, chemical insecticides have been used to combat the mosquito menace. However, the continued and frequent use of these insecticides has caused adverse effects, including toxicity to non-target organisms and humans, environment pollution, and increased development of resistance in the mosquito population. Botanicals have now become favorite agents among researchers as suitable alternatives to the toxic chemical insecticides. A few reports are available regarding the larvicidal and repellent potency of essential oils, volatiles extracted from different plants, against Ae. aegypti (20) (21) (22) . Keeping these in view, present studies were conducted to assess the probable role of celery seed oil as larvicidal, repellent, and irritancy agent for the control and management of Ae. aegypti population. Our investigations on early fourth instars of Ae. aegypti showed that 24 h of exposure to the oil resulted in an LC 50 and LC 90 value of 16.10 and 29.08 ppm, respectively (p > 0.05). It was also revealed that when the larvae were exposed to the oil for 48 h, the toxicity potential of the oil rose by 1.2-fold. However, keeping in view the large population of Ae. aegypti and enormous heterogeneity in their population; the chi-square distribution and insignificant p values obtained in our investigations suggest bioassays with more random selection of larvae and increased number of replicates to confirm the larvicidal potential of celery seed oil. Similar larvicidal activity of the ethanol-extracted A. graveolens was reported by Choochote et al. (23) (24) against the two mosquito species, Ae. aegypti and Anopheles stephensi after an exposure to 24 h. Several researchers have evaluated the larvicidal potential of various other essential oils against mosquitoes. The excellent larvicidal efficiency of the essential oil extracted from Mentha piperita revealing an LC 50 and LC 90 value of 111.9 and 295.18 ppm, respectively after 24 h of exposure has been reported against dengue vector (8) . They also showed that the toxicity of the peppermint oil increased by 11.8% on exposure to the oil for 48 h. Similarly, Warikoo et al. (25) Present study demonstrated the delayed toxicity of A. graveolens oil against early fourth instars of Ae. aegypti instead of quick larval mortality. Similarly, Choochote et al. (23) suggested the delayed larval killing effect of the ethanol-extracted celery seed oil A. graveolens against Ae. aegypti. The larvae treated with celery seed essential oil exhibited excitation and aggressive vertical and horizontal movements. These symptoms suggest the probable impact of oil on the neuro-muscular co-ordination in chemical synapses. These findings are in conformity with few earlier studies (17, 23, 31) .
The exposure of the adults Ae. aegypti to celery seed oil established the promising and remarkable repellency potential. The oil provided 100% protection to human volunteers in the first 150 min followed by only one to two bites in the next 30 min of exposure. Likewise, the crude seed extract of celery has been reported to exhibit repellent activity against Ae. aegypti with ED 50 and ED 95 values of 2.03 and 28.12 mg/cm 2 , respectively, providing the biting protection time of 3 h on application at a concentration of 25 g% (23). The mosquito repellent potential of celery, A. graveolens, has also been compared with commercial repellents by Tuetun et al. (32) . Kumar et al. (8) reported the repellent properties of essential oil extracted from M. piperita against adults Ae. aegypti with 100% protection till 150 min after which only one to two bites were recorded during the next 30 min, as compared to eight to nine bites on the control arm. The skin repellent tests performed at 1.0, 2.0, 3.0, and 4.0 mg/cm 2 with essential oil extracted from Z. officinalis gave 100% protection against Cx. quinquefasciatus up to 120 min (29) . The repellent activities of the essential oil of Cinnamomum zeylanicum, Z. officinale, and Rosmarinus officinalis have been also reported by Prajapati et al. (33) against An. stephensi, Ae. aegypti, and Cx. quinquefasciatus.
In the present investigations, the contact irritancy assays with the celery seed oil resulted in a significant elicit response in the adults of Ae. aegypti. Exposure to 1% oil led to average number of 63.66 take-offs in 15 min with first flight after a mean time of 4 s. The behavioral modifications in the mosquitoes through chemical actions in contact irritancy may diminish population that may ultimately reduce disease transmission (34) . Exposure of the female adults of Ae. aegypti to the crude leaf extracts of Parthenium hysterophorus showed a similar significant repellency behavior (9). Nour et al. (35) suggested the utilization of 0.1% essential oils of Ocimum basilicum as promising natural repellents against Anopheles mosquito.
Studies have shown that secondary metabolites; steroids, alkaloids, terpenoids, saponins, phenolics, essential oil, etc., of plants play a major role in the mosquito control being associated with a wide range of bioefficacy. The phytochemical analysis of the essential oil of A. graveolens seeds showed the presence of terpenoids, lactones, and flavonoids as the main constituents. Fazal and Singla (36) have reported d-limonene (80%) as the prime constituent in celery seed oils. They have also reported selinene, various sesquiterpene alcohols, b-elemne, linalool, N -butylphthalide, sedanenolide, and sedanonic anhydride as the other secondary metabolites in celery seed oil. However, the larvicidal and repellency potential of the essential celery seed oil reported in the present study need to be further investigated for identification of the compound responsible. It is further suggested that the efficacy observed may be because of the individual or the synergistic effects of various compounds present in them, identified or unidentified.
The potential role of A. graveolens seed essential oil as larvicide and repellent has been investigated against Ae. aegypti. Nevertheless, this is an explorative evaluation and the studies have suggested the potential bioefficacy of celery seed oil. However, keeping in view the heterogeneous and large population of Ae. aegypti, further complex investigations with more random selection of larvae and increased number of replicates are needed to ascertain the efficacy of celery seed oil against Ae. aegypti. Moreover, the identification of bioactive components present in the oil and understanding their mode of action is essential for its use as mosquito control agent. Field trials are recommended before the use of A. graveolens seed oil as an anti-mosquito natural, environment-friendly product in the mosquito-management program.
